Objective: The aim of this study was to evaluate the root canal preparation and apical enlargement of molar root canals with rotary or reciprocating heat-treated nickel-titanium (NiTi) instruments, by using micro-computed tomography (micro-CT). Methodology: Mesial root canals (n=48) of mandibular molars, with a curvature between 20° and 40°, were prepared with ProDesign Logic (PDL) 25.01 and 25.06 in rotary motion, or ProDesign R (PDR) 25.06 in reciprocating motion (PDR). Apical enlargement was performed with PDL35.01 and PDL35.05 or PDR35.05. Scanning with 9 µm resolution was performed before and after preparation, and, after apical enlargement, by using micro-CT. The percentage of volume increase, debris and untouched root canal surface, transportation, centralization and preparation time were analyzed. ANOVA and Tukey or Kruskall-Wallis and Dunn statistical tests were conducted (α=.05). Results: PDL promoted a higher apical percentage of volume increase, and lower percentage of debris and untouched root canal surface than PDR 25.06 preparation in entire canal and in all thirds (P<.05). Apical enlargement with PDL 35.05 and PDR 35.05 produced a higher percentage of volume increase in the apical region in relation to the initial preparation (P<.05). PDR 35.05 and PDL 35.05 showed similar results in relation to percentage of debris and untouched root canal surface in entire canal and in all thirds (P>.05). Centralization and transportation showed no difference (P>.05). PDR required less time to perform preparation and apical enlargement (P<.05). Conclusions: The apical enlargement 35.05 with CM heat-treatment instruments using reciprocating and rotary motion reduced the percentage of debris and untouched root canal surface, without causing deviations or procedural errors. The protocol of greater apical enlargement favors the cleaning of the root canals in both kinematics. Preparation by the reciprocating system was faster than by the rotary system.
Introduction
Endodontic treatment success depends on the cleaning and removal of microorganisms from the root canal system 1 . The removal of infected dentin contributes to disinfection during root canal preparation 2 . However, this preparation generally also results in a sizable percentage of non-instrumented surface [3] [4] [5] .
Apical root canal enlargement favors cleaning and removal of infected dentin 6 , decreased noninstrumented surface of root canals 5 and enhanced performance of the irrigating solution 7 . However, apical enlargement may also increase root canal transportation due to the reduced flexibility of instruments with larger diameter 8 . Furthermore, excessive removal of dentin may decrease the strength of the tooth 9 .
The kinematics and number of instruments used in instrumentation may influence the final quality of root canal preparation. Current literature did not show a significant difference in the Increase in canal volume between rotational and reciprocating preparation 10 and transportation in mandibular molars have been found to be similar between rotary and reciprocating instruments 11 . Nevertheless, some studies have reported a higher percentage of accumulated debris after instrumentation with reciprocating systems 12, 13 .
Other studies have reported similar accumulation of debris for root canal preparation with both rotary and reciprocating files 6 . The reciprocating motion has proven safer during root canal preparation 14 .
Furthermore, reciprocating systems can prepare root canals more quickly than rotary systems and with similar shaping ability 11, 14 .
The use of nickel-titanium (NiTi) instruments allows the apical enlargement of root canals, while maintaining their trajectory 9 . Heat-treated NiTi instruments have better mechanical behavior, flexibility and cyclic fatigue resistance than conventional NiTi instruments, and can provide a centralized preparation in curved canals 3, [16] [17] [18] [19] .
However, CM heat treatment makes NiTi instruments more malleable, thus reducing hardness and possibly deforming the instrument 15 . Although this thermal treatment causes NiTi instruments to lose hardness, previous studies have shown that both CM heattreated NiTi instruments in rotary motion and other NiTI instruments leave the root canal surface similarly untouched 3, 20 . These instruments can maintain the trajectory of curved root canals 3, 19 26 , and radius of curvature smaller than 10 mm, following Pruett methodology 27 , were observed. The tooth size was standardized at 18 mm, with a tolerance of ±2 mm of discrepancy. The selected root canals were stored in a 0.1% thymol solution at 5°C. The teeth were randomly divided into two experimental groups (n=24), with stratified random sampling, considering the volume of the preoperative root canals.
Preoperative stage
After the specimens were washed in water for 48 hours, access to the canals was obtained with a high speed bur (n.2, KG Sorensen, São Paulo, Brazil), and the root canals were irrigated with 2.5% sodium hypochlorite. A size 10 K-file (Dentsply Sirona, Ballaigues, Switzerland) was used to explore the mesial root canals until its tip was visible through the apical foramen. The working length (WL) was established 1 mm short of the apical foramen. The specimens were instrumented with a size 10 K-file, using the balanced-force technique to perform the glide path, Analyses of root canal transportation and centralization were made from the superimposed images, using the CTAn software, as previously described. The shortest distance between the mesial edge of the root and the canal before instrumentation (X1), to the shortest distance between the mesial edge of the root and the instrumented canal (X2), to the shortest distance between the distal edge of the root and the canal before instrumentation (Y1) and the shortest distance between the distal edge of the root and the instrumented canal (Y2) were measured, as proposed by Gambill, et al. 28 (1996) (Figure 1 Different superscript lowercase letters in the same line indicate statistical difference between the groups. Superscript uppercase letters in the same column indicate statistical difference among the thirds of the same preparation for each analysis: mean and ± standard deviation for the parametric data (ANOVA* and Tukey Tests, 5% significance), and median, maximum and minimum values for the non-parametric data (Kruskal-Wallis** and Dunn, 5% significance) used. The significance level adopted was 5% for both analyses. Table 1 shows no difference in percentage of volumetric increase between the PDL 25.06 and PDR 25.06 instruments in relation to total volume (P>.05); however, PDL 25.06 showed a percentage of volumetric increase higher than PDR 25.06 in the apical third (P<.05) ( Figure 2 ). PDL 25.06 showed a lower percentage of debris and untouched root canal surface than PDR 25.06 in the entire canal and in all thirds (P<.05). Different superscript lowercase letters in the same line indicate statistical difference between the groups. Superscript uppercase letters in the same column indicate statistical difference among the thirds of the same preparation for each analysis: mean and ± standard deviation for the parametric data (ANOVA* and Tukey Tests, 5% significance), and median, maximum and minimum values for the non-parametric data (Kruskal-Wallis** and Dunn, 5% significance) (25.06 ). This analysis indicates no difference between the tested instruments in relation to percentage of volumetric increase, debris and untouched root canal surface in the entire canal and in all thirds (P>.05).
Results
Both PDL and PDR showed a higher percentage of volumetric increase in the apical third than the other thirds (P<.05). Different superscript lowercase letters in the same line indicate statistical difference between the groups. Superscript uppercase letters in the same column indicate statistical difference among the thirds of the same preparation for each analysis: mean and ± standard deviation for the parametric data (ANOVA* and Tukey Tests, 5% significance), and median, maximum and minimum values for the non-parametric data (Kruskal-Wallis** and Dunn, 5% significance) 
Discussion
This study assessed curved mesial roots of mandibular molars, regarding root canal preparation and apical enlargement using different instruments.
The difficulty encountered in standardizing these teeth may have influenced the results 19 . Despite these limitations, the use of extracted teeth seems to be the best option, since resin-made teeth have a critical limitation regarding the difference in hardness between dentin and resin 29 . In addition, micro-CT was used in this study to select the teeth according to morphology, degree of curvature and volume of the root canals, thus determining the correct distribution between the groups. This selection, using a 35µm resolution scan, allows the analysis of pre-operative morphological parameters. Homogenization of the samples can be observed in Table 1 However, most studies compared instruments with different tapers 5, 9, 20, 22 and heat-treatments 11, 18, 20, 22, 33 .
In this study, the instruments were evaluated with the same size and similar NiTi heat-treatment. A previous study 22 showed that the root canals prepared by PDR Tulsa Dental Specialties, Tulsa, OK, USA) and Reciproc Blue (VDW, Munich, Germany), both of which are instruments with lower torsional load 15 . Therefore, an initial pathway in the root canal could reduce torsional stress 15 . It should be borne in mind that the preparation of root canals may be influenced by the kinematics (rotary or reciprocating) 23, 33 and the number of instruments used 33 .
The presence of debris in the root canal makes it difficult not only to disinfect the canal, but also to promote filling sealer adhesion to the dentinal tubules 24, 34 . After preparation to a size 25.06, a lower Transportation and centralization may be quantified by means of superimposed images of the canal 18,19 . In this study, both preparations were able to maintain the canal centralized, without deviations, even in apical enlargement. The mean transportation observed in this study ranged from -0.002 to 0.0581 mm, which is below the acceptable limit of 0.15 mm 39 .
Heat-treated NiTi instruments are more flexible, and are therefore more capable of maintaining the canal more centralized 19 , with less transportation of the root Canal preparation with PDR files was performed more quickly than with PDL, in both initial instrumentation and additional enlargement, corroborating the findings of different studies comparing rotary and reciprocating preparation 12, 14 . The PDR reciprocating system is composed of only one instrument, whereas the PDL system has two instruments, one used as a glide path and the other, for shaping. In disagreement with our study, Menezes, et al. 21 (2017) showed a shorter instrumentation time for PDL compared with PDR.
However, acrylic resin artificial canals were used, whereas extracted human mandibular molars were used in our study. 10/11
The root canal preparation is critical to the success of endodontic treatment 3 . The preparation of curved canals with greater apical enlargement presents a challenge 9 . However, the results of this study demonstrate that heat-treated instruments promoted centralized preparation using reciprocating or rotary motions, even after the apical increase (35.05). These protocols promoted reduction of debris and surface of the untouched root canal, which may be related to better root canal disinfection 30 The authors declare no conflict of interest.
